Abstract: The paper describes the mechanical properties and the corrosion behaviour of three Al-Si alloys in 0.5 M NaCl solution. The alloys have exhibited similar values of hardness, but the highest tensile strength and the lowest elongation have shown the specimens of alloy with 11.38 % of silicon. Higher content of both copper and magnesium has contributed to better tensile strength and lower elongation of as-cast hypoeutectic alloys. The harmful effects of iron on mechanical properties of all alloys have been reduced to some extent by nickel and cobalt addition. The differences in the values of the open circuit potential of the examined alloys were insignificant. The thickness of the protective oxide layer has increased over time, and the layer has become very compact. Slight differences in the values of the corrosion potential of the alloys were determined, whereas the lowest value of the corrosion current was indicated for the hypereutectic alloy. The presence of intermetallic phases in the alloys has shown that the oxide film was not consistent. The severe pits have not been found at the surface of the corroded samples. Based on the obtained results, the examined alloys may be used for the manufacturing of the internal combustion engine parts.
INTRODUCTION
Aluminium and its alloys have, for an extended period of time, been of significant importance for everyday life due to an attractive combination of lightweight, high strength, and corrosion resistance. 1 Various registered compositions of aluminium casting alloys, possessing the properties consistent with specified requirements, as well as routine casting of aluminium parts are some of the advantages of designing those alloys, compared to other materials. 2 Aluminium castings con- 9, 11 The mechanical properties of aged Al-Si alloys are strongly affected by the addition of magnesium. 12 Copper is added for the strengthening effects in Al-Si alloys as well as the improvement of castability and machinability. 2 The addition of nickel could improve their strength and hardness at elevated temperatures. 13 On the other hand, the mechanical properties of Al-Si base alloys could be enhanced by refining the liquid materials. 14, 15 The reinforcement of the microstructure of hypoeutectic alloys by increasing the concentration of silicon, manganese, and copper in Al-Si-Mg-(Cu) alloys could improve the durability of the automotive engine parts. 16 In order to improve the fluidity and castability of alloys intended for production of pistons and cylinder heads, beryllium is added in an amount of 0.01 to 0.05 %. 13 It was found that intermetallic compounds based on iron, which is a common impurity in those alloys, may reduce their mechanical properties, 17 but the most harmful effect is exhibited by the needle-shaped β-Al 5 FeSi. 12 The sharp edges of needles or platelets of β-Al 5 FeSi phase cause the high level of stress concentration and hence initiate the crack propagation. 18, 19 In order to promote the formation of α-Al 15 Fe 3 Si 2 and prevent the appearance of β-Al 5 FeSi in the microstructure of Al-Si alloys, they are alloyed with cobalt, molybdenum, chrome, nickel, and beryllium. 17 The microstructure of Al-Si alloys defines not only mechanical properties but also corrosion resistance, to a great extent. 20 Therefore, the continuous examination of the dependence of corrosion behaviour on the microstructure of Al-Si base alloys is not surprising. [22] [23] [24] [25] [26] Despite the significant volume fraction of silicon in most of the Al-Si alloys, its influence of these alloys on the corrosion properties is minimal, because of the low corrosion current density that resulted from the high polarisation of silicon particles. 27 The local cells produced by iron and silicon pro-________________________________________________________________________________________________________________________ Available on line at www.shd.org.rs/JSCS/ (CC) 2019 SCS.
Al-Si ALLOYS FOR IC ENGINE PARTS 505 mote the pitting attack on the surface of aluminium alloys in a conductive solution. 13 Although the mechanical properties of Al-Si-Mg casting alloys can be improved by precipitation of Mg 2 Si phase, it is necessary to keep in mind that it will be accompanied by a decrease in their corrosion resistance. 28 The addition of copper to Al-Si alloys may change the corrosion resistance. 29 On the other hand, when combining the addition of magnesium and copper to achieve the appropriate properties of Al-Si casting alloys, the concentration of copper has to be between 1 and 3 %. 12 It was found that the susceptibility to intergranular corrosion of Al-Si--Mg(Cu) alloys is the result of micro galvanic coupling between CuSi and AlMgSiCu grain boundary precipitates in the adjacent depleted zones. 30 The addition of cobalt up to 0.5 % to Al-Si-Fe alloys could improve the corrosion resistance of as-cast and aged-hardened specimens. 31 The modification of Al-Si alloys with strontium results in a reduction of eutectic silicon particles and an increase in their density is accompanied by the provision of additional boundaries between α-Al and eutectic silicon phase. 32 Since those boundaries are susceptible to galvanic corrosion, the damaging effect of strontium on the corrosion resistance was found for the A356 alloy. 32 The corrosion behaviour of aluminium alloys depends on the localized aggressive environment containing halide anions which may cause breaking of the passivated surface of metal leading to the pitting. 22 Although different halide ions (Cl -, Br -and I -) significantly accelerate stress--corrosion cracking, since chloride is present as both a natural constituent of marine environments and the contaminant of the environment, it is recognized as the most critical halide ion. 27 This paper is concerned with the properties of as-cast Al-Si alloys aimed for the production of internal combustion engine parts. The alloys are designed with various amounts of silicon, magnesium, and copper as main alloying elements. Besides, the different content of iron, cobalt and nickel are defined in the examined alloys. The purpose of the study is to gain the insight into the influence of chemical composition on mechanical properties as well as the corrosion behaviour of the ascast specimens in 0.5 M NaCl solution.
EXPERIMENTAL
Three alloys were prepared by melting several raw materials such as the AlSi10Mg master alloy, Al-base pre-alloys (Al, 33 % Cu, Al, 60 % Mn and Al, 75 % Fe) as well as the technically pure silicon, nickel and molybdenum. Beryllium was added within pre-alloy Al-5 % Be in the melts to improve fluidity and castability. The melting was carried out in a 20-kW electric resistance furnace using a graphite crucible, and the melting temperature was kept at 780±5 °C. For the fluxing of the melts, a TAL -2 as a mixture of potassium chloride and sodium chloride with a small addition of cryolite was used. It was added in the amount of about 2 % of the melt quantity and reacted at a temperature of 690 °C. The melts were degassed with hexachloroethane tablets in the amount approximately equal to 0.25 % of each melt quantity. The Al-10 % Sr master alloy was added to the melts to modify the Al-Si eutectic. The melts were poured at 740±5 °C into the permanent grey cast iron moulds with a 506 ŠĆEPANOVIĆ et al. thermal conductivity from 47 to 80 W/(m 2 K). The moulds were not preheated. After solidification, the castings were removed from the moulds and further cooled down to the room temperature. The chemical composition of the produced alloys is listed in Table I . Tensile test specimens (4.0 mm gauge diameter and 45.0 mm gauge length) were machined from the as-cast alloys. The tensile strength and relative elongation of as-cast specimens were determined at room temperature using the machine 1195 Instron, whereas the hardness was determined as Brinell hardness HB 5/250/30 by means of a testing machine produced by Karl Frank Gmbh, type 38532. All data on tensile strength, hardness and elongation were determined as an average value of the three measurements at room temperature. The samples for microstructural examination cut from the cast bars were ground through the successive grades of silicon carbide abrasive papers followed by the water-based diamond and colloidal silica suspensions polishing. The etchant of 0.5 % HF was used for revealing the microstructure. As-cast microstructures were examined under an optical microscope and a scanning electron microscope -a JEOL JSM-6460 LV equipped with energy dispersive X-ray spectroscopy.
The as-cast specimens of the alloys have been cut into samples which have been ground with silicon carbide abrasive papers. The samples have been polished and cleaned in acetone. The electrochemical examinations were performed in a cell, containing a saturated calomel reference electrode (SCE), the platinum electrode as the counter electrode and Al-Si alloys as the working electrode, using the potentiostat/galvanostat 273 A and 5210 lock-in amplifier (Princeton Applied Research) supplied with SOFTCORR 352 II software. All potentials are referred to SCE. The corrosion behaviour of Al-Si alloys was examined at room temperature in 0.5 M NaCl solution by performing the open circuit potential measurements, the linear polarisation method, the potentiodynamic polarisation test, and cyclic voltammetry. The open circuit potential (OCP) of the alloy had been recorded for 60 min at ambient temperature. The Tafel extrapolation method was used for obtaining the potentiodynamic polarisation curves of the examined alloys over the range from -250 to 250 mV related to open circuit potential (OCP) at a scan rate 1mV s -1 . The corrosion kinetic parameters such as corrosion potential (E corr ), corrosion current density (j corr ), anodic Tafel slopes (β a ) as well as the cathodic Tafel slopes (β c ) are determined using the software installed in the instrument. The cyclic voltammetry was used to examine the diffusion processes between the electrolyte and the layer on the surface of the electrode. All cyclic voltammetry tests were performed in 0.5 M NaCl over the potential range from -0.1 to -0.7 V at a scan rate of 50 mV s -1 .
RESULTS AND DISCUSSION
The microstructure of as-cast specimens of the two hypoeutectic alloys A and B, as well as of the hypereutectic alloy C, are shown in Fig. 1 . The dendrites of α-Al phase and modified eutectics were revealed in the alloys A and B ( . The fine mixture of modified eutectic silicon and Al 5 Cu 2 Mg 8 Si 6 phase was also observed. In the alloy C, the polyhedral or blocky primary silicon is distributed in a matrix containing dendrites of α-Al phase and eutectic silicon (Fig. 1c) . Different intermetallic phases are revealed in all alloys. Intermetallic iron containing phase α-Al 15 (Fe,Mn) 3 Si 2 was observed with a polygonal morphology (Fig. 2) . Besides, AlFeMoSi phase was discovered (Fig. 3) while Al 3 Ni was occasionally observed in all alloys. Star-like crystals or regular polygonal crystals of (Fe, Mn, Cu, Mo, Co, Ni)Al 3 phase were discovered in all specimens (Fig. 1) . The appearance of the mentioned phase despite the low iron content indicated the influence of copper amount on the microstructure as well as the alloy composition nonuniformity. The fine needles of β-Al 5 FeSi(Mn) phase confirmed the effect of crystallisation velocity. The microstructural examinations have shown the porosity ( Fig. 1 ) which could be caused by air and gasses entrainment during the filling phase. However, Campbell and Tiriakioglu argued that besides the refinement of the eutectic silicon phase, the addition of strontium in Al-Si alloys could increase the tendency of the creation of casting porosity. 33 It is necessary to point out that the nature of the strontium action will depend on the preparation of melt and its quality before pouring, as well as the turbulence during the filling of the mould. 33 Regarding our specimens, since the increase in the number and size of pores was not observed, it could be concluded that strontium had no harmful effect. The mechanical properties of as-cast specimens shown in Table II are the result of the microstructural morphology as well as central porosity. While similar values of hardness were identified for all alloys, the highest tensile strength and the lowest elongation were exhibited by as-cast specimens of alloy B containing 11.38 % of silicon. Although the low elongation in the range from 1.0 to 1.6 % was found for our alloys, it could be seen that such elongation is higher, when compared to the values recorded for Al-Si alloys (0.6 %) which are ________________________________________________________________________________________________________________________ Available on line at www.shd.org.rs/JSCS/ (CC) 2019 SCS.
Al-Si ALLOYS FOR IC ENGINE PARTS 509 not treated with strontium as explored by Farahany et al. 15 When comparing the hypoeutectic alloys A and B, it could be concluded that higher content of both copper and magnesium has contributed to better tensile strength and lower elongation. Although iron has formed intermetallic phases which have had damaging effects on the mechanical properties of all alloys, it is evident that nickel and cobalt mitigate that influence to some extent. The hypereutectic alloy C, containing the highest level of both nickel and cobalt, exhibited the tensile strength lower than hypoeutectic alloy B, due to the presence of the polyhedral or blocky primary silicon. Sui et al. have reported that the tensile strength of Al-Si-Cu-Ni-Mg alloys containing between 10.98 and 11.33 % of silicon was raised from 196 to 249 MPa, with the increase in the strontium amount from 0 to 0.02 %, whereas a decrease from 249 to 226 MPa was discovered with the further increase of the strontium content to 0.04 %. 34 Compared to mentioned alloys, it could be seen that our hypoeutectic alloy A has a lower tensile strength (172.1 MPa). The values of the tensile strength of the hypoeutectic alloy B (223.7 MPa) and Al-Si-Cu-Ni-Mg alloys containing 0.04 % of strontium are similar (226.02 MPa). 34 The low elongation determined for our alloys from 1.0 to 1.6 % is higher compared to the values recorded for Al-Si-Cu-Ni-Mg alloys regardless of the strontium content. 34 The hypereutectic Al-18Si alloy in as-cast condition has shown a higher value of the tensile strength (205.7 MPa) compared to our alloy C (185 MPa), while exhibiting a lower elongation of 0.78 %. 35 On the other hand, regarding the hypereutectic Al-17.5 Si alloys with different content of iron and manganese studied by Bidmeshki et al., 36 our alloy C, containing 14.31 % of silicon, has a higher value of hardness (124 HB) than the Al-17.5 Si alloy with 0.42 % of iron (about 116 HB). However, a further increase in the iron content has raised the hardness of Al-17.5 Si alloys. 36 Therefore, the alloys designated as 1.2FeMn (1.22 % of iron and 0.63 % of manganese) and 1.2FeMn (1.15 % of iron) exhibited a hardness similar to our alloy C(124 HB), but 1.8FeMn alloy (1.81 % of iron and 0.79 % of manganese) had a hardness of about 130 HB. 36 Al-Helal et al. reported that the tensile strength of Al-18Si alloy had increased by 14 % from 153.5 MPa for the conventionally cast, untreated samples to 175.1 MPa, for the castings which were treated with both phosphorus and strontium, but produced by a solid-liquid duplex casting process. 5 It can be seen that our hypereutectic alloy C containing 14.31 % of silicon, treated with strontium has exhibited a better tensile strength. The values of mechanical properties determined for the three Al-Si alloys are comparable with the level of guaranteed mechanical properties of standard Russian aluminium alloys. 12 Besides, a good agreement of those values with the mechanical properties determined for other Al-Si alloys suggests that our Al-Si alloys can find application as materials for the production of internal combustion engine parts. The thermodynamical tendency of a material to the electrochemical oxidation in a corrosive medium could be evaluated on the basis of the open circuit potential. 37 The occurrence of oxidation, the formation of the passive layer or immunity may be accompanied by a variation of the open circuit potential which is stabilised around a stationary value after a period of immersion. 37 The open circuit potential changes of as-cast Al-Si alloys in a 0.5 M NaCl solution as a function of immersion time are shown in Fig. 4 . The steady-state corrosion was established at the surface of the samples immersed in the electrolyte, and the current of anodic dissolution of metal and the cathodic reduction current were of the same value, but of the opposite direction. The differences in the values of open circuit potential of all alloys were not significant. Initially, the potential of the examined alloys was in the range from -939 to -959 mV, but the final values were similar (Table III) . The steady-state value of open circuit potential was reached after 80 s for alloy A, while 140 and 280 s were necessary for alloy B and C, respectively. The shift of the potential of the alloys to a more positive values area indicates the occurrence of the passivation and the formation of an oxide layer at the surface of the alloy decreasing the corrosion rate. The thickness of the protective oxide layer had increased over time, and the layer became very compact. The barrier oxide film which is formed on the metal surface represents a product of the interaction of the metal and the oxidising agent. Following the theory of passive coating, the rate of chemical dissolution of the passive layer determines the corrosion rate of metal in a passive state. 38 The linear polarisation method was applied to study the corrosion rate data. The potential (E) vs. current density (j corr ) was measured around ± 20 mV relative to the open circuit potential of the alloys. The obtained results (Fig. 5 and Table  IV) show that the examined alloys are corrosive stable in 0.5 M NaCl solution. The corrosive rate of all alloys was slow. The potentiodynamic polarisation curves of cast Al-Si alloys are shown in Fig. 6 . The corrosion current density was recorded over the cathodic and anodic potential regions at a scan rate of 1 mV s -1 . The small change in the current density is observed within the cathodic and the anodic branches indicating the low corrosion rate of the cast Al-Si alloys in 0.5 M NaCl. The Tafel extrapolations of the corrosion current density (j corr ), the corrosion potential (E corr ) and the corrosion rate, as well as the values of anodic Tafel slopes (β a ) and cathodic Tafel slopes (β c ) are shown in Table V . The passive layer on the surface of the cast Al--Si alloys appeared at the corrosion potential which compared to -750 mV and 512 ŠĆEPANOVIĆ et al. moved towards a more positive value. The anodic current slowly increased until the breakdown potential of about -675 mV was reached, but above it, the density of the current was rising rapidly, suggesting the breakdown of the passive layer due to the pitting corrosion. 39 The significant differences in the values of corrosion potential of the examined alloys were not observed, whereas the lowest value of corrosion current was determined for alloy C. Kaiser et al. studied the corrosion behaviour of the commercially available aluminium alloys for the manufacturing of an engine block and piston in 0.1 M NaCl solution. 40 The potentiodynamic polarisation study has shown the corrosion potential (E corr ) as -764 mV for the engine block alloy and -622 mV for the piston alloy. 40 The values of the corrosion potential obtained for our alloys were from -735.9 to -744.0 mV, which indicated a shift to more positive values, compared to an engine block alloy, but more negative values concerning the piston alloy. Higher content of nickel (from 0.31 to 1.1 %) and lower concentration of iron (from 0.59 to 0.77 %) in our alloys could explain the observed difference in E corr compared to the engine block alloy containing 0.083 % of nickel and 0.795 % of iron. 40 However, higher content of magnesium in our alloys (from 1.3 to 1.43 %) with regard to commercially available piston alloy containing 0.492 %, Cyclic voltammetry was used to study the influence of chlorides on the oxidation and reduction processes at the surface of cast Al-Si alloys. Fig. 7 shows the cyclic polarisation curves for the examined alloys in 0.5 M NaCl solution carried out in the range of potential between -1.0 and -0.4 V vs. SCE and the scan rate of 50 mV s -1 . The current density increase was associated with the formation of the oxide layer. After completely covering the surface with the oxide layer, the current density decreased indicating the onset of passivation. The values of the pitting potential (E pitt ) and repassivation potential (E repass ) obtained by cyclic voltammetry for the examined Al-Si alloys are similar, as shown in Table VI . The applied methods have shown the similar corrosion behaviour of the three as-cast Al-Si alloys. The presence of intermetallic phases in the examined alloys has shown that the oxide film was not consistent. It is known that the difference in the corrosion potential among α-Al matrix and intermetallic phases can cause the formation of micro-galvanic cells. 41 Consequently, the alloying elements determine the overall corrosion behaviour of as-cast specimens. It is important to note that severe pits have not been found at the surface of the corroded samples. Therefore, in addition to the determined mechanical properties, the corrosion behaviour of the examined alloys in 0.5 M NaCl recommends those materials for manufacturing the internal combustion engine parts. 
CONCLUSIONS
The three as-cast Al-Si alloys designed with various amounts of silicon, magnesium and copper as main alloying elements have exhibited similar values of hardness. However, the highest tensile strength and the lowest elongation have shown specimens of alloy hypoeutectic B containing 11.38 % of silicon. The hypereutectic alloy C containing the highest level of both nickel and cobalt exhibited tensile strength lower than alloy B due to the presence of the polyhedral or blocky primary silicon. The higher content of both copper and magnesium has contributed to better tensile strength and lower elongation of hypoeutectic alloys A and B. Nickel and cobalt have reduced the harmful effects of iron on the mechanical properties of all alloys to some extent. Beside the microstructural morphology, the central porosity had an impact on the mechanical properties of the examined alloys.
The applied methods discovered similar corrosion behaviour of the three as-cast Al-Si alloys. The steady-state value of the open circuit potential was reached after 80 s for alloy A (10.82 % Si), while 140 and 280 s were needed for alloy B (11.38 % Si) and alloy C (14.31 % Si), respectively. The corrosive rate of all alloys was slow. The occurrence of passivation and formation of the protective oxide layer at the surface was indicated by the shift in the potential of the alloys to a more positive value. The thickness of the protective oxide layer has increased over time, and the layer has become very compact. Slight differences in the values of the corrosion potential were determined for the examined alloys, whereas the lowest value of the corrosion current was indicated for the hypereutectic alloy C.
The presence of the intermetallic phases in the examined alloys has shown that the oxide film was not consistent. However, severe pits have not been found at the surface of the corroded samples. Therefore, in addition to the mechanical properties which are in reasonable accordance with the results obtained by various researchers for similar materials, the corrosion behaviour suggests that our Al-Si alloys can find application in the production of the internal combustion engine parts. У овом раду су проучаване механичке особине и корозионо понашање три Al-Si легуре у 0.5 M NaCl раствору. Сличне вредности тврдоће испољиле су све легуре, али су највећу затезну чврстоћу и најмање издужење показали узорци од легуре са 11,38 %
